Abstract.-Rates of phenotypic evolution derive from numerous interrelated processes acting at varying spatial and temporal scales and frequently differ substantially among lineages. Although current models employed in reconstructing ancestral character states permit independent rates for distinct types of transition (forward and reverse transitions and transitions between different states), these rates are typically assumed to be identical for all branches in a phylogeny. In this paper, I present a general model of character evolution enabling rate heterogeneity among branches. This model is employed in assessing the extent to which the assumption of uniform transition rates affects reconstructions of ancestral limb morphology in the scincid lizard clade Lerista and, accordingly, the potential for rate variability to mislead inferences of evolutionary patterns. Permitting rate variation among branches significantly improves model fit for both the manus and the pes. A constrained model in which the rate of digit acquisition is assumed to be effectively zero is strongly supported in each case; when compared with a model assuming unconstrained transition rates, this model provides a substantially better fit for the manus and a nearly identical fit for the pes. Ancestral states reconstructed assuming the constrained model imply patterns of limb evolution differing significantly from those implied by reconstructions for uniform-rate models, particularly for the pes; whereas ancestral states for the uniform-rate models consistently entail the reacquisition of pedal digits, those for the model incorporating among-lineage rate heterogeneity imply repeated, unreversed digit loss. These results indicate that the assumption of identical transition rates for all branches in a phylogeny may be inappropriate in modeling the evolution of phenotypic traits and emphasize the need for careful evaluation of phylogenetic tests of Dollo's law.
Phylogenetic inference of ancestral character states affords an efficient, generally applicable means of examining patterns and rates of character state transition and, consequently, has been employed extensively in studies of phenotypic evolution (e.g., Kohlsdorf and Wagner 2006; Leschen and Buckley 2007; Wiens et al. 2007; Brandley et al. 2008 ). Approaches to reconstructing ancestral traits have become increasingly sophisticated during the past 2 decades, and the use of maximum likelihood (Schluter et al. 1997; Pagel 1999) and Bayesian Markov chain Monte Carlo (Huelsenbeck et al. 2003; Pagel et al. 2004 ) methods, incorporating explicit stochastic models of character evolution, is now usual. Although these methods enable assessments of uncertainty associated with reconstructed ancestral states, their ability to mislead inferences of evolutionary patterns has been noted by several authors (e.g., Wiens et al. 2007; Ekman et al. 2008) . Proposed explanations for demonstrably inaccurate estimation of ancestral states frequently implicate violation of the assumption of uniform rates of character state transition across a phylogeny; recent models permit differing rates of transition among character states, but these rates are typically assumed to be identical for all branches (see Mooers and Schluter 1999; Pagel 1999) .
Rates of phenotypic evolution derive from numerous interrelated processes acting at varying spatial and temporal scales. As Eldredge et al. (2005) have discussed, character state transitions perceived at the level of species may be considered to occur in 3 phases: novel phenotypes originate via mutation and recombination, drift and selection establish these phenotypes within demes, and dispersal and associated introgression distribute phenotypes across (all) demes. Pronounced environmental heterogeneity within the distributions of many species, promoting geographical differentiation, would tend to impede the third of these phases (e.g., Lieberman and Dudgeon 1996; Gould 2002; Eldredge et al. 2005) , and the stabilization of novel phenotypes in many lineages may instead be ascribed to speciation (Futuyma 1987) . Thus, the probability of a transition occurring on a branch in a phylogeny may be affected by the frequency of unobserved speciation (or, conversely, extinction) events along its length, as well as those factors influencing the rate at which novel phenotypes are established within and conveyed among demes (including deme size, mutation rate, selection pressures, developmental constraints, and rate of dispersal). Considering the manifold causes determining rates of phenotypic evolution, it is unsurprising that paleontological studies have revealed substantial rate heterogeneity among lineages (see, e.g., Bell et al. 1985; Cheetham 1986; Sheldon 1987; Geary 1995) . Schluter et al. (1997) have defended the use of a constant-rate Markov process to characterize transitions among discrete character states, arguing that this relatively simple stochastic model should be viewed as an effective means of describing the unpredictability of evolution and not as an accurate representation of evolutionary mode. Nonetheless, they noted that existing models may fail to incorporate significant aspects of phenotypic evolution, identifying "The assumption of 724 SYSTEMATIC BIOLOGY VOL. 59 constant rates" as "perhaps the most glaring weakness" (Schluter et al. 1997 (Schluter et al. , p. 1700 . The adequacy of models that assume rate constancy across a phylogeny may be evaluated empirically using model selection criteria. Although not conceptually difficult (model evaluation is an integral part of contemporary phylogenetics), such assessments would necessitate more realistic models allowing rates of character state transition to vary among branches. In this study, I develop a general model of phenotypic evolution permitting rate heterogeneity among lineages, extending the uniform-rate model discussed by Schluter et al. (1997 , see also Pagel 1994 , 1999 . This model is employed in assessing the extent to which the assumption of uniform transition rates affects reconstructions of ancestral limb morphology in the scincid lizard clade Lerista and, accordingly, the potential for rate variability to mislead inferences of evolutionary pattern and mode.
Lerista is regarded generally as an exemplary model for studying tetrapod limb reduction, comprising more than 75 species exhibiting at least 20 distinct phalangeal configurations, from the plesiomorphic condition for squamates (phalangeal formulae of 2.3.4.5.3 and 2.3.4.5.4 for the manus and pes, respectively) to entirely limbless (Greer 1987 (Greer , 1990 . In a recent paper, Skinner et al. (2008) presented the first explicitly phylogenetic investigation of limb reduction and loss in this clade. Ancestral digit numbers reconstructed assuming a uniform-rate model (incorporating separate parameters for forward and reverse transitions) and a comprehensive phylogeny inferred from nucleotide sequence data for a nuclear intron and 6 mitochondrial genes implied 19 instances of unreversed digit loss for the manus. This result was not substantially affected by uncertainty in rates of character state transition or the phylogeny. Ancestral states for the pes were less stable, depending to a considerable extent on the rate parameter values assumed. Although numbers of pedal digits reconstructed assuming maximum likelihood rates entailed numerous instances of digit reacquisition, rates only insignificantly less likely than the maximum likelihood estimates yielded ancestral states implying repeated digit loss with no reversals.
As Skinner et al. (2008) discussed, an argument can be made for preferring reconstructions for the pes entailing repeated, unreversed limb reduction; when considered together with the (very robust) ancestral states for the manus, these reconstructions nearly invariably imply ancestral digit configurations displayed by extant species of Lerista. Ancestral states entailing reelaboration of the pes, by contrast, imply digit configurations for many internal nodes differing fundamentally from observed phenotypes (specifically, configurations of either 5 or 4 manual digits and 2 pedal digits are implied for most basal nodes, although extant species of Lerista never exhibit fewer digits for the pes than the manus). Thus, there is evidence that the analyses of Skinner et al. (2008) failed to accurately estimate ancestral states for the pes (i.e., when maximum likelihood rates were assumed), confounding inferences of the pattern and mode of limb evolution. The primary aim motivating this study was to assess the possibility that model misspecification associated with heterogeneous rates of character state transition contributed significantly to this failure. Aside from evaluating the potential influence of among-lineage rate heterogeneity on the analyses of Skinner et al. (2008) , I consider the broader implications of rate variation for phylogenetic tests of Dollo's law, emphasizing the need for careful appraisal of evidence for reversible evolution.
MATERIALS AND METHODS

Data and Phylogenetic Analysis
A phylogeny incorporating the 72 species of Lerista considered by Skinner et al. (2008) , 5 subspecies not included in the analysis of Skinner et al. (2008) Tables 1 and 2 ). All sequences except those for the 5 additional subspecies are from Skinner et al. (2008) , Reeder (2003), and Skinner (2007) . Sequences for the additional subspecies were obtained as described by Skinner (2007) . Primer sequences and polymerase chain reaction (PCR) conditions are presented in Table 1 . Although previous analyses (Reeder 2003; Skinner 2007) indicate that Lerista is part of the Australian Sphenomorphus group, basal relationships within this more inclusive clade are substantially unresolved. Accordingly, a diverse selection of Australian Sphenomorphus group scincids was employed as an outgroup.
Alignment of ND4 sequences did not require the insertion of internal gaps and was straightforward. Structural RNA and adenosine triphosphate (ATP) synthetase subunit β intron sequences were aligned with MAFFT v6.717b (see Katoh et al. 2009 ) using the L-INS-i method with default options. Exclusion of ambiguously-aligned sites identified using Gblocks v0.91b (Castresana 2000) does not significantly affect the inferred phylogeny or comparisons of models of phenotypic evolution (see Supplementary Material). Phylogenetic relationships were inferred using RAxML 7.0.0 (Stamatakis 2006) . All analyses employed either the -m GTRGAMMA or the -m GTRGAMMAI option (see below) and were repeated 10 times, each repetition beginning with a randomly selected maximum parsimony tree. An appropriate partitioning strategy was selected on the basis of the Akaike information criterion (modified for small sample size, AIC c ), as described by McGuire et al. (2007) . A total of 8 partitioning strategies were compared, having from 1 to 7 partitions (Table 3) . RAxML implements only 2 nucleotide Notes: Alternative partitioning strategies with fewer than 7 partitions (see Table 3 ) result from merging 2 or more of these partitions. rRNA, ribosomal RNA; tRNA, transfer RNA.
substitution models (general time-reversible [GTR]+Γ and GTR+I+Γ ), and only a single model may be specified in a particular analysis (i.e., the same model is used for all partitions, although parameter values are estimated independently for each partition). Thus, for each partitioning strategy, 2 alternative nucleotide substitution models may be assumed, resulting in 16 possible combinations of partitions and models. Among these, a combination of 7 partitions (i.e., partitioning strategy P 7 ) and the GTR+I+Γ substitution model provides the best fit to the data (Table 4 ). The maximum likelihood phylogeny estimated for this partitioning strategy and substitution model was assumed in assessing models of phenotypic evolution and reconstructing ancestral character states. This phylogeny and the aligned sequence data are available from TreeBASE (study number S10620). Modal numbers of digits for species and subspecies of Lerista represented in the phylogeny were collated from data in the literature, verified and augmented by my own observations of specimens in the South Australian Museum and Western Australian Museum. It should be noted that only digits having one or more phalanges were counted; in some cases, species possess metacarpals or metatarsals for digits regarded here as absent.
Models of Phenotypic Evolution and Ancestral Character State Reconstruction
A set of 5 models was examined (see Table 5 ), 3 models assuming uniform transition rates and 2 models permitting rate heterogeneity among branches: 1) the uniform-rate model employed by Skinner et al. (2008) , in which forward and reverse transitions (corresponding to the acquisition and loss of digits, respectively) occur at independent rates and direct transitions are possible between all states; 2) a uniform-rate model in which forward and reverse transitions occur at separate rates and transitions of more than one digit are constrained to pass through all intervening states (see Brandley et al. 2008 ); 3) a uniform-rate model with ordered forward and reverse transitions (as in the second model) in which the rate of digit acquisition is assumed to be . AICc values were calculated as described by McGuire et al. (2007) . A combination of 7 partitions (i.e., partitioning strategy P 7 ) and the GTR+I+Γ substitution model provides the best fit to the data. effectively zero; 4) a model in which ordered forward and reverse transitions have potentially different relative rates and the overall transition rate is permitted to vary across the phylogeny; and 5) a model identical to the preceding model but with an assumed rate of digit acquisition of effectively zero (difficulty with matrix exponentiation precluded specifying a rate of digit acquisition of exactly zero, and a value 10 −6 -10
times the rate of digit loss was assumed for this model and the third model). As Brandley et al. (2008) noted, there is evidence that the development and loss of digits (in ontogeny and anagenesis, respectively) follow an ordered sequence (see Alberch and Gale 1985; Shapiro 2002) , so that models assuming ordered character state transitions may be preferred a priori over those permitting direct transitions between all states. Accordingly, I focussed on models with ordered character state transitions when assessing the effect of enabling rate variation among lineages. Potentially heterogeneous rates of phenotypic evolution were accommodated in the fourth and fifth models above by summing character state transition probabilities over a distribution of rates for all branches in the phylogeny. As in recent models of molecular evolution implementing a relaxed molecular clock (Drummond et al. 2006 ), I assumed a lognormal distribution of rates, although other distributions (e.g., the gamma distribution) could also be employed. Applying a discrete approximation approach analogous to that described by Yang (1994) for modeling among-site rate heterogeneity, I divided this distribution into a series of equalprobability segments, or rate categories, and for each branch in the phylogeny, summed transition probabilities over rate categories. Denoting an instantaneous rate matrix specifying the mean transition rates among all character states by Q (see below), the overall transition Note: α-forward transition rate (i.e., the rate of digit acquisition); β-reverse transition rate (i.e., the rate of digit loss); σ-standard deviation of the lognormal distribution of rates (where the mean of this distribution is set to 1; see text).
probabilities P(t) for a branch of length t are given by
where k is the assumed number of rate categories and r i is the median rate for rate category i, scaled such that the mean of the discrete distribution of rates is equal to that of the continuous distribution, set to 1 (see Yang 1994) . The instantaneous rate matrix Q determines the relative rates for each kind of character state transition in the model, which remain constant across the phylogeny (whereas the absolute transition rates, obtained from the matrices r i Q, are permitted to differ among branches, their ratios are not). For the models considered here (i.e., the fourth and fifth models),
where row (and column) j corresponds to j−1 digits and α and β are rates of digit acquisition and loss, respectively. The unconstrained model (i.e., the fourth model) has 3 estimable parameters, the transition rates α and β, and the standard deviation of the lognormal distribution of rates (σ, where the mean of this distribution is set to 1; see above). As Pagel (1994) described for the uniform-rate model, the likelihood of the observed character states at the terminal nodes of a phylogeny can be calculated from the transition probabilities for each branch using Felsenstein's (1981) pruning algorithm. For the models incorporating rate heterogeneity among branches, the procedure differs only in that the transition probabilities are weighted sums of values derived from multiple rate matrices (i.e., the k matrices r i Q), as opposed to values derived from a single rate matrix. In both cases, a set of prior probabilities must be specified for the alternative states at the root node of the phylogeny (Pagel 1999; Goldberg and Igic 2008) . The assumption that digit loss is irreversible implies that the most recent shared ancestor of the species considered here is pentadactyl (see Goldberg and Igic 2008) . Accordingly, this state was assigned a prior probability of 1 for the third and fifth models, in which the rate of digit acquisition is set to effectively zero (see above). For the remaining models, I assumed equal prior probabilities for all states (see Pagel 1999) . Model likelihoods were calculated using R (R Development Core Team 2008), assuming optimal values for all parameters (i.e., those values maximizing the likelihood); code for the models incorporating rate variation among branches is presented in the Supplementary Material. As the models examined do not compose a nested series, model comparisons were made on the basis of the Akaike information criterion, modified for small sample size (see Burnham and Anderson 2002) :
where L is the maximized likelihood, p is the number of estimable parameters, and n is the sample size, treated here as the number of terminal nodes in the phylogeny (see O'Meara et al. 2006) . As the number of rate categories k assumed in the models permitting rate heterogeneity among branches is increased, the discrete distribution of rates approaches the continuous lognormal distribution; however, increasingly accurate representation of this continuous distribution is offset by increasing computation time, placing a practical upper limit on the number of categories specified. An examination of model likelihoods and estimated parameter values as the number of rate categories is increased indicates that both are relatively stable when 28 or more categories are assumed (see Fig. 1 ); thus, I employed 30 rate categories for all analyses.
Ancestral numbers of digits for the manus and pes were inferred independently for each of the five models. Alternative states for internal nodes were evaluated according to the ratio of their contributions to the "global" likelihood for a model (see Schluter et al. 1997; Pagel 1999) ; where this ratio exceeded e 2 (i.e., 7.389), the likelihoods for two states were considered to differ significantly (see Schluter et al. 1997 ). For each model, the set of states incorporating the maximum likelihood estimate and all states only insignificantly less likely than this estimate was determined for each node; ancestor reconstructions for a pair of models were considered inconsistent where this set of states displayed no overlap. 728 SYSTEMATIC BIOLOGY VOL. 59 FIGURE 1. Relationships between the number of rate categories specified (k) and (a) model likelihood (lnL) and (b) the inferred rate of digit loss (α) and standard deviation of the rate distribution (σ). These plots are for the manus and were generated assuming the constrained model, in which the rate of digit acquisition is set to effectively zero (i.e., the fifth model). Similar plots are obtained for the unconstrained model and the pes.
RESULTS
The maximum likelihood phylogeny inferred assuming 7 partitions and the GTR+I+Γ substitution model (see Figs. 2-8) is very similar to the phylogeny presented by Skinner et al. (2008) . A substantial proportion of clades are strongly supported, with bootstrap values for 41 of 82 internal nodes exceeding 90 (see Supplementary Material). As with the phylogeny of Skinner et al. (2008) Although the uniform-rate model assuming ordered character state transitions and unconstrained rates of digit acquisition and loss fits the data for the pes significantly better than the uniform-rate model in which direct transitions are possible between all states, the latter model provides a substantially better fit for the manus (Table 6 ). The uniform-rate model with ordered character state transitions and unconstrained transition rates provides a better fit to the data for the manus and pes than the constrained model in which the rate of digit acquisition is assumed to be effectively zero (i.e., the third model; Table 6 ). Permitting transition rates to vary among branches significantly improves model fit for both the manus and the pes, with the models incorporating heterogeneous transition rates yielding AIC c differences of 5.713-34.502 when compared with the uniform-rate models (Table 6 ). The rate of manual digit acquisition inferred for the model with unconstrained transition rates (i.e., the fourth model) is close to zero, effectively prohibiting reversals of digit loss (Table 6) . Although rendered equivalent to the constrained model in this respect, the unconstrained model assumes equal prior probabilities for alternative states at the root node of the phylogeny (see Materials and Methods section). As a result, the constrained model (in which the specified prior probabilities are consistent with irreversible digit loss) has a higher likelihood and provides a significantly better fit to the data for the manus (Table 6 ). The models allowing rate heterogeneity across the phylogeny provide very similar fits to the data for the pes, with AIC c scores for the unconstrained and constrained models differing by only 0.050 (Table 6) .
Ancestral character states reconstructed for the manus and pes assuming the uniform-rate model in which direct transitions are permitted between all states are similar to the maximum likelihood states reported by Skinner et al. (2008) . There is no evidence for the reacquisition of manual digits, with maximum likelihood ancestral states implying 23 instances of digit loss and no instances in which digits are gained (see Supplementary Material). Ancestral states for the pes, by contrast, entail numerous instances of digit reacquisition; maximum likelihood estimates of ancestral numbers of pedal digits imply 15 cases of digit loss, with 12 reversals to an increased number of digits (see Supplementary Material). The estimated rate of manual digit acquisition for the uniform-rate model with ordered character state transitions is substantially higher than that for the uniform-rate model permitting direct transitions between all states (Table 6) . Maximum likelihood estimates of the rate of manual digit loss for individual branches in the phylogeny, calculated assuming the constrained model permitting rate heterogeneity among lineages (i.e., the fifth model, in which the rate of digit acquisition is set to effectively zero). Numbers above branches refer to the rate category having the greatest contribution to the "global" likelihood for the model; the maximum likelihood estimate is the median rate for this category. Median rates for the rate categories range from 5.165×10 −3 to 634.895. Lighter branches are those for which the maximum likelihood rate is less than the mean of the inferred distribution of rates (35.091); heavy branches are those for which the maximum likelihood rate exceeds the mean. VOL. 59 FIGURE 7. Maximum likelihood estimates of the rate of pedal digit loss for individual branches in the phylogeny, calculated assuming the constrained model permitting rate heterogeneity among lineages (i.e., the fifth model, in which the rate of digit acquisition is set to effectively zero). Numbers above branches refer to the rate category having the greatest contribution to the "global" likelihood for the model; the maximum likelihood estimate is the median rate for this category. Median rates for the rate categories range from 0.056 to 119.509. Lighter branches are those for which the maximum likelihood rate is less than the mean of the inferred distribution of rates (10.634); heavy branches are those for which the maximum likelihood rate exceeds the mean. Note: AICc-Akaike information criterion, modified for small sample size (see text); α-forward transition rate (i.e., the rate of digit acquisition); β-reverse transition rate (i.e., the rate of digit loss); σ-standard deviation of the lognormal distribution of rates (where the mean of this distribution is set to 1; see text).
manual digits with 6 cases of digit reacquisition (Fig. 2) . Prohibiting instantaneous transitions of more than one digit also affects inferred transition rates for the pes, significantly increasing the rate of digit loss relative to the rate of digit gain (Table 6 ). Ancestral character state reconstructions imply a high frequency of digit loss and relatively low frequency of digit acquisition, with maximum likelihood numbers of pedal digits for internal nodes entailing 28 instances in which digits are lost and only 4 instances in which digits are gained (Fig. 3) . Ancestral numbers of manual digits inferred for the two models incorporating heterogeneous transition rates are identical; maximum likelihood reconstructions for both models entail 23 instances of digit loss and no instances in which digits are reacquired (see Fig. 4 ). Reconstructions of ancestral numbers of pedal digits for the unconstrained model (i.e., the fourth model) are similar to those for the uniform-rate model assuming ordered character state transitions and unconstrained transition rates (see Fig. 3 ), with maximum likelihood ancestral states implying 23 cases of digit loss and 5 cases of digit reacquisition (see Supplementary Material). The constrained model, assuming a rate of digit acquisition of effectively zero, yields maximum likelihood ancestral states implying 29 instances of pedal digit loss, with no instances in which digits are regained (Fig. 5) .
Parameter values inferred for the models allowing heterogeneous rates of phenotypic evolution indicate comparatively high mean rates of character state change with substantial rate variation among branches (the standard deviations of the rate distributions are considerably higher than the mean of 1; Table 6 ). Figures 6 and 7 present maximum likelihood estimates of rates of manual and pedal digit loss for each branch in the phylogeny calculated assuming the constrained model (i.e., the fifth model, in which the rate of digit acquisition is set to effectively zero). The minimum transition rate (i.e., the median rate for the slowest rate category) is inferred for a substantial proportion of branches (82 of 164 branches for the manus and 117 branches for the pes).
Transition rates inferred for the remaining branches are typically very high, with the maximum rate (i.e., the median rate for the fastest rate category) being inferred for 52 branches for the manus and 23 branches for the pes. As would be expected, higher transition rates are generally associated with the loss of one or more digits (see Figs. 3 and 5) .
DISCUSSION
Among-Lineage Rate Heterogeneity and Limb Evolution in
Lerista A comparison of models incorporating among-lineage rate heterogeneity with existing uniform-rate models indicates that the assumption of identical transition rates for all branches in a phylogeny may be inappropriate in modeling the evolution of a phenotypic trait. Allowing rates of character state transition to vary among branches significantly improves model fit for both the manus and the pes. The inferred distributions of rates for both the unconstrained and the constrained models imply substantial rate differences across the phylogeny; for the manus, the median rate (r i ) for the fastest rate category is more than 10 5 times faster than the median rate for the slowest rate category, whereas the corresponding rates for the pes differ by a factor of 1387-2133 (see Figs. 6 and 7) . This pronounced rate heterogeneity is consistent with the considerable variability of evolutionary rates revealed by paleontological studies (see Bell et al. 1985; Cheetham 1986; Sheldon 1987; Geary 1995 ; Introduction section) and substantiates proposals that the assumption of rate constancy across a phylogeny constitutes perhaps the most significant deficiency of conventional models of phenotypic evolution (see Schluter et al. 1997; Cunningham et al. 1998; Wiens et al. 2007) .
Ancestral character state reconstructions indicate that enabling rate heterogeneity among branches may affect inferences of evolutionary patterns as well as model fit. This is particularly evident for the pes. Ancestral numbers of pedal digits inferred for the uniform-rate model permitting direct transitions between all states entail that the immediate ancestor of Lerista was either tridactyl or didactyl, with repeated re-elaboration of the pes producing extant pentadactyl and tetradactyl forms (see Supplementary Material). Prohibiting instantaneous transitions of more than one digit (i.e., ordering character state transitions) increases the rate of digit loss relative to the rate of digit gain, reducing the frequency of digit reacquisition; however, ancestral state reconstructions imply at least 3 reversals of limb reduction (see Fig. 4 ). Model fit declines significantly when a rate of digit acquisition of effectively zero is assumed, with AIC c scores for the unconstrained and constrained models (i.e., the second and third models) differing by 4.043 (see Table 6 ). Accordingly, the uniform-rate models provide substantial support for the re-elaboration of reduced hind limbs. Although providing a significantly better fit to the data for the pes, the unconstrained model incorporating heterogeneous transition rates yields ancestral character state reconstructions similar to those for the best-fitting uniformrate model (i.e., the ordered model with unconstrained transition rates), implying several cases of digit reacquisition (see Supplementary Material) . Nonetheless, the fit of the constrained model (i.e., the fifth model), in which the rate of digit acquisition is assumed to be effectively zero, differs only marginally from that of the unconstrained model (see Table 6 ). Adopting Burnham and Anderson's (2002, p. 70 ) rough rule of thumb, models having an AIC c score no more than 2 units above that for the best model are considered strongly supported (see also Goldberg and Igic 2008) , so that both models permitting variable transition rates receive substantial support. Thus, whereas the uniformrate models provide unequivocal evidence for reversals of limb reduction (when considered alone), the models incorporating heterogeneous transition rates indicate that there is no statistical justification for rejecting an evolutionary pattern of repeated, unreversed digit loss.
Permitting rate heterogeneity across the phylogeny also affects inferred evolutionary patterns for the manus. Although the uniform-rate model assuming unordered character state transitions yields ancestral states entailing repeated digit loss without reversals (see Supplementary Material), ancestral state reconstructions for the uniform-rate model in which character state transitions are ordered imply multiple instances of digit reacquisition (see Fig. 2 ). As Brandley et al. (2008) noted, developmental and comparative morphological evidence indicates that the development and loss of digits occur in an ordered sequence, so that models assuming ordered character state transitions may be considered more appropriate in modeling limb evolution (see Materials and Methods section). Nonetheless, the fit of the unordered model is substantially better than that of the ordered model (see Table 6 ). Moreover, the uniformrate model assuming ordered character state transitions and a rate of digit acquisition of effectively zero fits the data almost as well as the unconstrained model (i.e., the second model), with AIC c scores for the two models differing by only 1.192 (see Table 6 ). Accordingly, although the ordered model with unconstrained transition rates indicates several cases of digit acquisition, evidence for reversals of limb reduction is equivocal at best. Allowing transition rates to vary among branches dispels any uncertainty about the pattern of forelimb evolution in Lerista; the models incorporating heterogeneous transition rates assume ordered character state transitions (consistent with developmental and comparative morphological evidence), provide a significantly better fit than the uniform-rate models, and yield ancestral character states entailing pervasive limb reduction with no reacquisition of digits (see Supplementary Material; Fig. 3 ).
When considered in conjunction with the ancestral states inferred for the manus assuming the models incorporating heterogeneous transition rates (see Supplementary Material; Fig. 3 ), ancestral numbers of pedal digits reconstructed assuming the uniform-rate model providing the best fit to the data (i.e., the second model) entail digit configurations for a number of internal nodes that are not observed among known (i.e., extant) species of Lerista. In particular, configurations of either 5 manual digits and 3 or 4 pedal digits are implied for several basal nodes, although extant species of Lerista never exhibit fewer digits for the pes than the manus (see Introduction section; Skinner et al. 2008) . Aside from providing a substantially better fit to the data for the pes, the constrained model enabling rate heterogeneity among branches (i.e., the fifth model, in which the rate of digit acquisition is assumed to be effectively zero) yields ancestral states entailing plausible digit configurations for all internal nodes (see Fig. 8 ). Accordingly, although there is significant cause to question the accuracy of the ancestral states inferred assuming the uniform-rate model, ancestral state reconstructions for the model permitting variable transition rates may be assumed to be reliable (see Skinner and Lee 2010) . This supports the proposal that model misspecification associated with heterogeneous rates of character state transition is at least partially responsible for the failure of analyses employing uniform-rate models to accurately reconstruct ancestral numbers of pedal digits, and validates the concern of previous authors (e.g., Cunningham et al. 1998; Wiens et al. 2007; Ekman et al. 2008 ) that violation of the assumption of uniform transition rates across a phylogeny may mislead inferences of evolutionary patterns. However, the extent to which disregarding among-lineage rate heterogeneity will influence the accuracy of ancestral character state reconstructions under different evolutionary scenarios (e.g., low versus high rates of change, symmetrical versus asymmetrical transition probabilities) is presently unclear (a forthcoming simulation study addresses this issue).
As Skinner et al. (2008) is particularly evident for the configuration of no manual digits and 2 pedal digits, which originates over the relatively brief intervals separating inferred pentadactyl or tetradactyl ancestors from the immediate ancestors of the bipes, nichollsi, and picturata groups (see Fig. 8 ; Greer 1986; Storr 1991) and then remains unaltered for the substantial periods over which these clades diversify. An abrupt decrease in the rate of pedal digit loss coincident with the origin of a number of clades (including the bipes, nichollsi, and picturata groups) emphasizes this pattern (see Fig. 7 ). Skinner et al. (2008) noted that as limb reduction progresses, manual digits are lost more readily than pedal digits, consistent with a more significant role of the hind limb in limb-mediated locomotion and selection for maintaining an ability to employ limb-mediated locomotion (as an adjunct to undulatory locomotion) as limb reduction and associated body elongation proceed. The stability of a didactyl hind limb in the bipes, nichollsi, and picturata groups may therefore be explained by selection for preserving hind limb utility, a proposal substantiated by evidence for the use of both undulatory and limb-mediated locomotion in some species (Greer 1989, p. 165) . Accordingly, the considerable rate heterogeneity inferred for the pes, and related failure of analyses employing uniform-rate models to accurately reconstruct ancestral numbers of pedal digits, may be at least partly attributable to functional constraints on the evolution of hind limb morphology arresting initially rapid structural reduction in some lineages.
Allowing transition rates to vary across a phylogeny effectively reduces the influence of assumed branch lengths on reconstructed ancestral states. As Cunningham et al. (1998) noted, there is a consistent tendency for models assuming uniform transition rates to limit inferred character state changes along relatively short branches; for a specified transition rate, the probability of a change occurring along a branch necessarily diminishes as the length of the branch decreases, penalizing transitions associated with shorter branches. However, when transition rates are permitted to vary across a phylogeny, changes occurring along comparatively short branches may be accommodated by a local increase in rate (although the extent of local rate alterations is constrained by the assumed distribution of rates). Parsimony approaches to inferring ancestral character states disregard branch length information and, in this respect, may also be considered to permit rate heterogeneity among branches. Nonetheless, the potential for rate variability does not depend on the assumption of a specific distribution of rates and is essentially unconstrained; provided the total number of transitions is minimized, a change will be inferred along a branch irrespective of its length. Although implicitly enabling rate heterogeneity among branches, ordered parsimony yields ancestral states differing significantly from those inferred assuming the unconstrained model with variable transition rates (i.e., the fourth model; see Supplementary Material and Figs. 2 and 4) , particularly for the manus.
Implications for Phylogenetic Tests of Dollo's Law
As originally formulated, Dollo's law states that complex morphological structures are never re-evolved in exactly the same form (see Gould 1970) , although contemporary discussion of this general principle has nearly invariably focused on the more restricted proposition that the evolutionary loss of complicated structures is irreversible (see Collin and Miglietta 2008) . The latter, more limited interpretation of Dollo's law is founded on the expectation that genes involved in an inactive developmental pathway will be disabled by rapid accumulation of deleterious mutations and that, the extremely low probability that a substantial number of these mutations will be reversed, restoring gene functionality, effectively prohibits recovery of the sequence of developmental events necessary for producing a lost structure (Collin and Miglietta 2008) . This argument may be reasonable for structural genes having single functions; however, there is increasing evidence that a significant proportion of genes participate in multiple developmental pathways, so that the functionality of genes required for the development of a lost structure may often be preserved by selection on their pleiotropic effects (Marshall et al. 1994; Raff, 1996; Collin and Miglietta 2008) . Although pleiotropy affords a plausible mechanism for maintaining the potential to reinstate a deactivated developmental program, existing evidence for the evolutionary reacquisition of complex traits derives primarily from patterns of character evolution inferred using phylogenetic approaches (e.g., Whiting et al. 2003; Kohlsdorf and Wagner 2006; Wiens et al. 2007; Brandley et al. 2008) .
Previous phylogenetic tests of Dollo's law have been criticized on the basis that they assume inappropriate prior probabilities for alternative character states at the root node of a phylogeny and neglect differential effects of character states on rates of speciation and extinction, increasing the probability of incorrectly accepting reversible evolution (Goldberg and Igic 2008) . The assumption of invariable transition rates across a phylogeny introduces a potential bias against inferences of phenotypic stasis that constitutes an additional pitfall for the evaluation of Dollo's law. Recently, Kohlsdorf and Wagner (2006) provided evidence that digits have been reacquired in the gymnophthalmid clade Bachia, presenting a nearly complete phylogeny for this group indicating that 3 tetradactyl species are nested deeply within a clade composed predominantly of species possessing highly reduced limbs. In explaining why their analyses invariably supported reversibility of digit loss, Kohlsdorf and Wagner (2006) noted that the assumption that digit loss is irreversible would entail that structural reduction of the limbs occurs frequently; however, digits are maintained for extended periods in those lineages represented by extant tetradactyl species. Wiens et al. (2007) similarly argued that ancestral state reconstructions implying numerous independent acquisitions of direct development (without reversals) in hemiphractid frogs are implausible as they also entail the persistence 739 of a tadpole stage for long intervals in some lineages. The apparently incompatible combination of a high rate of change and prolonged stasis is, however, only problematic where rates of character state transition are assumed to be constant across a phylogeny. Assuming that transition rates may differ among branches, the maintenance of a plesiomorphic state for extended intervals in one or more lineages despite a prevailingly (although not universally) high rate of change does not present a difficulty; stasis is readily accommodated by specifying comparatively low transition rates for a series of consecutive branches.
CONCLUSION
As Wiens (2009) noted, the remarkable evolutionary lability of limb morphology in Lerista, although affording an exceptional opportunity to study the mode and causes of substantial phenotypic transitions, poses a considerable challenge for ancestral character state reconstruction. An important task in confronting this challenge is the development of improved models enabling more accurate representation of the process of phenotypic evolution. The accommodation of rate heterogeneity among lineages addresses a prominent deficiency of current models that may significantly affect both model fit and inferred evolutionary patterns. Nonetheless, there is evidently considerable potential for extending the analyses presented in this study. A relatively straightforward extension would involve applying models incorporating heterogeneous transition rates within the context of Bayesian Markov chain Monte Carlo inference (see Pagel et al. 2004) 
